Our laboratory has been utilizing the Escherichia coli outer membrane protein LamB to study the mechanism of protein localization. Various lines of evidence suggest that, in addition to a signal sequence, regions within the mature protein are required for efficient localization. In particular, studies using LamB-LacZ hybrid proteins have identified regions between amino acids 27 and 49 of mature LamB, which may play an important role in localization. To elucidate further the function of these regions, a series of in-frame deletions that remove varying lengths of early lamB sequences was constructed. The effects of these deletions on export of a large LamB-LacZ hybrid protein, 42-1, and on export of an otherwise wild-type LamB protein were determined. We find a strong correlation between the sequences deleted and the export phenotypes these deletions impart to both Lamb and the LamB-LacZ42-1 hybrid protein. On the basis of these findings, the deletions can be divided into several distinct classes that define a region within mature LamB that participates in localization. This region extends amino terminally from amino acid 28 of the mature protein and functions in the rapid and efficient localization of Lamb from the cytoplasm.
monly made with an amino-terminal signal sequence that is removed proteolytically during the localization process. This signal is essential and it is generally believed to function early in the export process to direct the protein from the cytoplasm. This sequence does not, however, appear to contain information that is specific for a particular cellular location. Switching experiments have shown that replacing the signal sequence of an outer membrane protein with that of a periplasmic protein, or vice versa, has no effect on the ultimate location of the protein product (Tommassen et al. 1983; Hoffman and Wright 1985) . Apparently, intragenic information that governs correct cellular localization is contained within sequences that correspond to the mature protein.
In the case of inner membrane proteins, the information that directs correct insertion into the bilayer may be contained within stretches of hydrophobic amino acids that could span the membrane in a-helical conformation. In several cases, mutations that alter these membrane-spanning regions have been identified and shown to prevent membrane anchoring (Boeke and Model 1982; . In contrast, outer membrane proteins such as LamB, OmpF, and OmpA contain no such hydrophobic sequences (Chen et al. 1979 (Chen et al. , 1980 Clement and Hofnung 1981) , and the specificity determinant(s) for this cellular location remains poorly defined.
We have used lacZ (specifies the cytoplasmic enzyme f3-galactosidase} gene fusions for the identification of export signals within the lamB gene. A large series of hybrid genes that contain varying amounts of lamb at the 5' end fused in the correct frame to most of lacZ have been constructed. With respect to export, the correlation between the amount of lamb present within the hybrid gene and the properties of the hybrid protein is striking (Benson et al. 1984) . Hybrid proteins with the signal sequence (25 amino acidsJ and as many as 27 amino acids of mature LamB remain in the cytoplasm. In contrast, export is initiated if the hybrid protein contains a signal sequence plus 39 or more amino acids. This indicates that for LacZ, at least, a signal sequence is not sufficient to cause export from the cytoplasm. Further analysis suggested that the region between amino acids 39 and 49 of mature LamB may contain information required for correct routing to the outer membrane. This is intriguing in light of a sequence homology observed by Nikaido and Wu (1984) . This homology is shared by many outer membrane proteins and overlaps the 39-49 region in LamB.
Studies with hybrid genes, although suggestive, are suspect owing to the presence of the bulky and potentially detrimental sequences of LacZ. When positioned close to the signal sequence, LacZ could interfere with normal export. If true, then the results suggesting that the signal sequence is not sufficient to cause export from the cytoplasm may be artifactual. In view of the known incompatibility of LacZ with the cellular export ma-chinery, this possibility must be considered seriously.
To address the possibility that LacZ may be interfering with signal sequence function in hybrid proteins that contain only small amino-terminal regions of LamB, we have constructed an extensive series of internal, in-frame deletions that are contained within, or remove completely, regions containing codons 27-49 of mature LamB. These deletions were constructed in a lamB-lacZ hybrid gene that contains more than 40% of the lamB gene. Accordingly, LacZ is physically separated from the signal sequence by a substantial distance. Our results strengthen the predictions made previously. More importantly, these constructs provide us with a means to delete the suspected regions from an otherwise wild-type, chromosomal lamB gene and demonstrate directly the importance of these mature sequences for rapid and efficient export.
Results

Experimental approach
To test the prediction that important export information was contained in the early portion of mature LamB (amino acids 27-49), we chose to" construct, using in vitro techniques, a series of internal, in-frame deletions that were confined to the region of interest and left the signal sequence intact. As a substrate for the required manipulations, we chose a plasmid that carried a large IamB-lacZ hybrid gene for the following reasons: (1) The use of a fusion facilitates the identification of inframe deletions since these will not prevent expression of LacZ enzymatic activity. (2) In a large fusion, LacZ is far removed from the signal sequence and thus less likely to adversely affect its function. In addition, lamB-lacZ hybrid genes that specify exported hybrid proteins confer a characteristic maltose-sensitive phenotype owing to a lethal jamming of the cellular export machinery. Accordingly, we could simply and rapidly monitor the likely effect of each deletion on hybrid protein export. (3) Because the fusion is large, the desired deletions will be flanked by lamB genetic homology. This can be used for crossing the mutation onto an otherwise wild-type, chromosomal lamB gene. Our strategy involved opening the plasmid by digestion with a restriction endonuclease within the region of interest. Deletions could then be generated by treatment with an exonuclease followed by ligation. Unfortunately, the lamB gene carries no unique restriction enzyme cleavage sites early in the gene that could be manipulated in vitro to generate the deletions. Therefore, it was necessary to create first a unique restriction enzyme site (XbaI), then generate the deletions and analyze their effect on LalhB export.
Construction of a unique XbaI restriction sequence in lamB
Plasmid pKBZ9000 carries a hybrid gene encoding the LamB-LacZ42-1 hybrid protein (Silhavy et al. 1977) . This protein contains the signal sequence plus the first 186 GENES & DEVELOPMENT 181 amino acids of mature LamB fused to the carboxyterminal end of LacZ. The hybrid protein is LacZ +. Accordingly, construction of the XbaI restriction site and the deletions could be followed easily by monitoring LacZ activity. All in vitro DNA manipulations were performed using derivatives of this plasmid. The XbaI restriction sequence was created by oligonucleotide-directed, site-specific mutagenesis (Fig. 1) . A 25-base oligonucleotide complementary to the singlestranded pKBZ9000 DNA and covering the sequence surrounding the coding region for amino acid 45 of mature LamB was synthesized. The oligonucleotide differed from the wild-type lamB sequence in that it carried a 6-bp insert corresponding to the XbaI restriction sequence. This insert was within the codon for amino acid 45 of mature LamB. Placement of the insert between the first and second bases of this codon created an amber codon in the LamB reading frame. This allowed the mutation to be identified and followed by monitoring the LacZ-phenotype conferred by the amber. Mutagenesis was performed as described in Materials and methods. Strains carrying a plasmid harboring the 6-bp insert were enriched for initially by choosing lacZ-transformants from among those transformed with the mutagenized plasmid pool. LacZ-isolates were further screened for suppression to lacZ ÷ by cross-streaking against an sulIIcarrying phage, qb80. Plasmid DNA was isolated from several suppressible strains and checked for the presence of an XbaI restriction site. Confirmation of the construction was made by DNA sequence analysis. Plasmid pBRP201 was one that carried the desired alteration.
Generation of internal lamB deletions
A large series of small in-frame deletions removing varying amounts of DNA in the region of codon 45 was generated as depicted in Figure 2 . Plasmid pBRP201 was restricted with XbaI and treated with Bal31 exonuclease. After digestion, the plasmids were recircularized and transformed into a lacZ deletion strain. The starting plasmid was LacZ-owing to the amber codon positioned within the XbaI restriction sequence. In-frame deletions which removed as few as 3 bp would destroy the amber codon, thereby restoring synthesis of a fulllength hybrid protein that would exhibit a LacZ + phenotype. Out-of-frame deletions or plasmids which escaped the treatment intact would be LacZ-. Sixty-four LacZ + plasmids were selected for further analysis. A rough estimate of the size of the deletions these plasmids harbored was made by restriction analysis. Digestion of pBRP201 with HinFI liberates a 900-bp fragment containing the XbaI restriction sequence. Changes in the migration of this fragment, resulting from the deletions, were analyzed. Based upon the findings, a subset of plasmids representing a wide range of deletion sizes (approximately 3-300 bp) was selected for further analysis.
Crossing of the insert and the deletions onto h42-1
The insertion and deletion mutations were created on a multicopy plasmid within a promoterless lamB-lacZ hybrid gene. Expression of the hybrid protein presumably resulted from an endogenous plasmid promoter or from a low-level cryptic promoter within the cloned malK fragment. Therefore, to study the effects of these mutations on export of the LamB-LacZ42-1 hybrid protein, it was necessary first to place the alteration on a copy of the hybrid gene that could be placed in the chromosome in single copy and that was under control of the mal regulon. To this end the insert mutation was recombined onto the lambda specialized transducing phage, k42-1 (Fig. 3A) . This phage carries the 1amB-1acZ42-1 hybrid gene under regulatory control of the malB promoter. The phage is phenotypically LacZ +. After growing the phage on a strain carrying pBRP201 approximately 0.1-0.5% of the phage were LacZ-. However, when these phage were propagated on a suppressor (sulII) strain the phage plaqued LacZ +, indicating the presence of an amber mutation and therefore the insert mutation. One such phage, kBRP201, was purified and used for further studies. The deletions were crossed onto the LacZ-phage, kBRP201, as shown in Figure 3B . The amber mutation on kBRP201 lies directly under the generated deletions. Therefore, LacZ + recombinant phage (the KBRPA00 series) must have replaced the amber codon with the inframe deletion. One LacZ + phage was selected for each deletion, purified, and used for further studies.
Maltose sensitivity
The LamB-LacZ42-1 hybrid protein is lethal to the cell when synthesized in large amounts, e.g., when maltose is added to the growth medium. This phenomena is re- The indicated steps are described in the text.
ferred to as maltose sensitivity (MAP). The degree of MaP has been shown to correlate with the export competence of the hybrid protein (Benson et al. 1984) . The lamb deletions were tested to determine if they conferred some degree of maltose resistance (Mal r) to a strain harboring the deletion on the lamB-lacZ42-1 hybrid gene. To assay MaP the kBRP400 phages were lysogenized into a a(malB)15 deletion strain. This deletion removes sequences from within the malEFG operon through the malB promoter region and into lamb beyond the fusion joint for the IamB-lacZ42-1 hybrid gene. Use of this strain precluded integration of the phage at malB in such a way as to cross the deletion away from the hybrid gene. The lysogens were made recA-prior to testing, since it was observed that some of the lysogens were quite unstable and derivatives that had lost the phage quickly outgrew the lysogens in liquid culture. Maltose sensitivity was assayed by a disk sensitivity assay as shown in Figure 4 and quantitated in Table 1 . The size of the zone of growth inhibition reflects the relative level of MaP. On the basis of these results, the deletions could be divided into three groups. The first group of deletions rendered strains fully Malr. This group was later subdivided into two classes (class I and class II) and a unique deletion, 437, based upon sequence analysis presented below. The next group of deletions (class III) rendered decreased MaP when present on the 42-1 hybrid gene. Strains carrying these deletions were roughly as sensitive to small amounts of 5% maltose as strains harboring the wild-type hybrid gene were to an equivalent amount of 0.5% maltose, making the class III deletion strains about 10-fold less MaP than wild-type. The last group of deletions (class IV) did not render any significant level of Mall
Pulse-chase analysis of signal sequence processing
The efficiency of export of noncytoplasmic proteins has been found to correlate with the rate and efficiency of processing, i.e., removal of the signal sequence. We have exploited this observation to determine the effect of the deletions on export of an otherwise wild-type LamB protein. To do this analysis, it was necessary to recombine the deletions onto the wild-type lamB gene. This was accomplished by P1 transduction using the recA + A(malB)15 strains lysogenized with the kBRPA00 deletion phages as the donor and a strain carrying the A(malK-lamB)227 deletion as the recipient. This deletion removes the promoter distal end of malK, rendering the strain Mal-, and the early coding sequences of lamB beyond the codon for amino acid 45 of the mature protein. The dimensions of the deletion are such that transduction of the strain to Mal +, i.e., malK +, concomitantly recombined the deletion onto lamB. Choosing a LacZ-transductant insured that the fusion was not acquired in the transduction and that the lamB gene was otherwise intact. As expected, the size of the LamB protein produced by these transductants, as assayed by SDS-PAGE, correlated with the estimated shift in size determined from sequence analysis of the deletion mutation (data not shown).
Pulse-chase analysis was performed on a subset of these strains, representing the four deletion classes and A37. The results are shown in Figures 5 and 6. MalE was immunoprecipitated in these experiments as an internal control to assess the efficiency of maltose induction and as a standard against which to quantitate the amount of LamB synthesized. Results are not shown for any of the class I deletion proteins. These proteins are all missing the signal sequence processing site and are not processed. The class II deletion proteins show rates of processing that are greatly slowed compared with wild-type LamB. At the 10-sec chase point, approximately 50% of wild-type LamB is processed to the mature protein. At the same time point, no processing of either class II deletion protein was detected. At later chase times, the LamB precursor was slowly processed to mature LamB. However, at 1 min post chase, about 20% (454) to 60% (451) of the LamB precursor was still unprocessed whereas all of the wild-type LamB precursor was processed. In addition, for 454 and 451 the total amount of radiolabeled LamB protein observed, after the 20-sec labeling, was less than with wild-type LamB, while the amount of radiolabeled MalE synthesized by both strains was equivalent to wild-type. The class II deletion proteins also differ from wild-type in that a fraction of the Lamb precursor appeared to be degraded and was not chased into mature protein. Figure 3 . Construction of ~,BRP20I and ~BRPA00 phages. (A) Depicted across the top is a linear diagram of the malB DNA carried by the K42-1 phage. Recombination with pBRP201 as shown places the insert mutation onto the phage, generating the LacZ-phage XBRP201. (B) ?~BRP201 was rec0mbined with the pBRPA00 deletion plasmids. When crossovers occur as shown, the insert mutation is replaced with the in-frame lamb deletion carried on the plasmid. The resulting LacZ + phag e are the KBRPA00 series.
able but less severe effect on the rate of LamB processing. Some mature protein was seen at the earliest chase point; however, the percentage of processed protein was only about 30%, not 50% as with wild-type. More precursor was processed to mature with increasing chase time. But again, a fraction of the LamB precursor appeared to be degraded and never matured. The rate of processing of the class IV deletion Lamb proteins was not detectably different from that of wild-type LamB. The LamBA37 deletion protein showed the most severe signal sequence processing defect of any of the deletion proteins (Fig. 6) . No detectable processed LamB protein was visualized until 2-3 min post chase. Five minutes after addition of the chase solution, less than 20% of the LamB protein was processed. In addition, expression of LamBa37 had a dramatic adverse effect on processing of MalE. In a wild-type background MalE precursor is, if visible at all, seen only at the 10-sec time point and even then less than 5% of the MalE protein is in the precursor form. However, in the a37 strain approximately 60% of the MalE was unprocessed at the 10-sec time point. At the 5-min time point, MalE precursor was still visible.
LamB protein level
The amount of class II and some class Ill LamB deletion protein observed in the pulse-chase studies was less than for wild-type LamB. It has been demonstrated that decreasing the level of synthesis of an exported LamBLacZ hybrid protein will confer maltose resistance (Hall et al. 1983) . To rule out the possibility that the deletions were affecting the level of LamB synthesis and that this was responsible for the observed decrease in maltose sensitivity, we determined the level of hybrid protein II  A51  0  0  0  0  A54  0  0  0  0  Class III  A61  17  14  0  0  A36  18  14  0  0  A56  19  16  0  0  Class IV  A49  23  20  17  15  A64  26  22  19  16  A2  24  22  18  16 The maltose sensitivity of the BRPA300 series strains, carrying the indicated deletions on the lamB-lacZ42-1 hybrid gene, was determined by measuring the size of the zone of growth inhibition caused by 15 ~1 of a maltose solution, at the given concentration, applied to a paper sensitivity disk (see legend to Fig. 4) . decreased synthesis will be reflected in the amount of hybrid protein. BRPA300 strains representing each of the four deletion classes were pulse-labeled for 2 min with pS]methionine. The amount of radiolabeled hybrid protein synthesized was determined and compared to the amount of Male synthesized. For all the strains studied (including wt, A2, A46, h51, A55, and h61) there was no difference in the amount of [3SS]methionine incorporated into the hybrid protein relative to Male (data not shown).
D N A sequence analysis
The precise end points of the deletions were determined by D N A sequence analysis. The results, depicted in Figure 7 , show the missing amino acids that correspond to the different deletions. Based upon the amino acids removed by the deletions, and the MaP assay results, the deletions were divided into the four classes referred to throughout the paper. Class I deletions removed sequences extending amino terminally into the signal sequence coding region. These deletions rendered strains fully resistant to maltose when present on the l a m BlacZ42-1 hybrid gene. The class II deletions also rendered strains resistant to maltose when carried on the lamB-lacZ42-1 hybrid gene, but these deletions were fully intemal to mature LamB sequences leaving the en- LamB protein produced in the strain carrying A51 comigrates with MalE. To show this protein clearly, the immune precipitations were performed with anti-LamB sera only.
tire signal sequence intact. The smallest class II deletion removed sequences encoding amino acids 2 4 -7 8 of mature LamB. The class III deletions removed sequences extending to or beyond the codon for amino acid 27 of mature LamB. The carboxy-terminal end of these deletions fell between the codons for amino acids 47-53. These deletions all rendered some degree of maltose resistance when present on the lamB-lacZ42-1 hybrid gene. Class IV deletions had no effect on maltose sensitivity. These deletions removed sequences bounded by the codons for amino acids 28 and 60 of mature LamB. The deletion A37 was unique in that it contained a 25-bp insert at the deletion joint, which encoded the amino acid sequence Ala Gly Leu Ser Val Ile Asn Gln Arg. The actual deletion removed the coding sequence for amino acids 11-51', making the sequence removed very similar to that removed in A61, a class III deletion. The inserted D N A had no sequence homology with the parental plasmid, pKBZ9000. The insert probably originated from a fragment of E. coli chromosomal D N A present in the plasmid preparation used in constructing the deletions. This seems a likely possibility since the plasmid D N A was isolated using a rapid preparation method and was not further purified.
Discussion
To investigate the possibility that information required for export of LamB from the cytoplasm is located near the amino terminus of the mature protein, we have constructed a large series of small, in-frame deletions that originate at codon 45 and extend to different positions in both directions. As summarized in Figure 7 , these deletions identify four regions within lamB. Our results indicate that at least two of these regions, the signal sequence {region II and a region bounded by codons 1-28 (region II), contain information that is required for an early step{s) of the export process. Two different methods were employed to determine if the internal, in-frame lamB deletions caused an export defect. In one set of experiments, we measured the effect of the deletions on the maltose sensitivity phenotype which is conferred by the lamB-lacZ42-1 hybrid gene. Because this phenotype is proportional to hybrid protein export, it provides a measure of the degree to which a given mutation prevents or diminishes translocation from the cytoplasm. A second set of experiments exploits the extracytosolic location of signal peptidase to measure the rate at which the internally deleted LamB proteins are transferred across the inner membrane. Since these experiments are done with the deletion mutation in an otherwise wild-type lamB gene, any potential artifact caused by the use of a IacZ hybrid gene is excluded. The direct correlation observed between the degree to which a given deletion diminishes the maltose sensitivity conferred by the lacZ hybrid gene and the deglee that the same deletion decreases the rate of processing of the corresponding internally deleted LamB is striking, and we feel that this concordance validates our methods.
Owing to the strategy that we employed for the construction of the deletions, sequences in the vicinity of codon 45 are removed in all cases. However, deletions which are confined to this region {region III, codons 29-60} have no effect on export from the cytoplasm. In contrast, deletions that extend into region II affect export adversely, and this defect is exacerbated if the dele-
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from tion removes sequences from region IV (codons 60-80) as well. None of the deletions that leave an intact signal sequence are completely export defective and, accordingly, we conclude that the signal sequence, by itself, can function at some level for the initiation of protein export. At this level of function, however, export is much slower and less efficient than wild-type.
The experiments described herein were prompted by studies with lamB-lacZ hybrid genes which suggested that information required for export from the cytoplasm Figure 7. Amino acids missing from the LamB proteins encoded by the corresponding LamB deletion. Across the top is depicted the signal sequence {ss] and first 100 amino acids of mature LamB. The amino acids are numbered from the signal sequence processing site amino terminal (negative numbers) and carboxy terminal {positive numbers). The deletions are organized by class and ordered by the 5' end point of the deletion. The amino acids corresponding to the deleted nucleotides are indicated. A prime indicates a fusion of the codons for the two amino acids listed, creating a hybrid codon and in some cases an amino acid not present at this site in the wild-type protein.
No prime indicates a deletion that removed all of the codons for the amino acids indicated. Both A56 and A49 encode a glycine at amino acid 27, but different amino acids at 28. Thus, codon 28 appears to be the dividing point between the class III and class IV deletions and, therefore, defines the boundary between regions II and III. Shown below are regions I, II, III, and IV.
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from is located in mature sequences at a position prior to codon 39 of mature LamB. Two plausible models to explain the results were considered. One model predicts that hybrid proteins that contain only small amounts of LamB {the signal sequence plus as many as 27 amino acids of the mature protein) are not exported because important export information is missing. The other model postulates that these hybrid proteins remain in the cytoplasm because sequences of B-galactosidase actively interfere with export when placed in close proximity to the signal sequence. It would appear that there is an element of truth in both models.
We argue that important export information is contained within the first 28 amino acids of mature LamB because all deletions or lacZ hybrids which create a novel joint at, or proximal to, the codon for residue 28 exhibit an export defect. A fraction of these deletions creates a codon not normally present in lamb and all of them have varying end points. Accordingly, each places a different amino acid sequence in the relevant region. Since many of these different sequences are from LamB, and thus are normally exported, it seems unlikely that all would exhibit negative function. In contrast, none of the deletions with a novel joint beyond codon 28 have any detectable effect on export from the cytoplasm.
Moreover, all hybrids which join lacZ to lamb at a position beyond this critical codon exhibit pronounced maltose sensitivity, indicating that export of these hybrid proteins has been initiated. The interference model would not predict so sharp a boundary nor would it predict such diversity in interfering sequences. Therefore, we conclude that the amino acids removed from this region, either by deletion or gene fusion, function in a positive fashion to increase the efficiency of export.
It is also true, however, that certain amino acid sequences can exhibit a pronounced negative effect if placed in the region proximal to codon 28. Sequences from lacZ, random sequences as short as nine amino acids, and even sequences of LamB which normally are located distal to codon 60, cause an export defect that is greater than that observed by deletions that replace the residues in question with sequences of LamB derived from the region spanning amino acids 28-60. Clearly, certain amino acid sequences are tolerated in this region better than others and this complexity cannot be accounted for adequately by the positive model. Thus, a new and more detailed model is required.
To gain insights into the nature of the function(s) performed by the first 28 amino acids of mature LamB in the early steps of the export process and to lay the groundwork for future experiments, we have searched the literature for amino acid sequence homologies, secondary structures, or the distribution of hydrophobic and hydrophilic residues in this region that might be shared by other outer membrane proteins in particular and other exported proteins in general. Although some interesting correlations have emerged, there is nothing so compelling as to cause us to propose a general mechanism. Because this region lies adjacent to the signal sequence, it is tempting to suggest that it, together with the signal sequence, forms a conformational domain that is required for recognition by, or for correct presentation of the signal sequence to, the export machinery. Alternatively, it may function as a "spacer" to prevent the folding of downstream regions that might interfere with export or bury the signal sequence and inhibit its recognition by the export machinery. It is also possible that this region may be required to permit "looping" of the signal sequence into the bilayer. Other potential alternatives are numerous. Indeed, we cannot, as yet, rule out the somewhat unlikely possibility that the mRNA corresponding to this region is the active participant.
Studies with several other exported proteins have identified regions within the mature protein which, when removed, affect localization of the protein. Deletions in the structural gene for the outer membrane proteins OmpA and PhoE have been identified that prevent correct cellular localization and cause the proteins to accumulate in the periplasm (Tommassen et al. 1983; Freudl et al. 1985; Bosch et al. 1986 ). In a similar vein, chain-terminating mutations in the gene for B-lactamase can prevent release of the protein from the outside of the inner membrane into the periplasm (Koshland and Botstein 1982) . It has also been observed that removal of the carboxyl terminus of the M13 coat protein, a protein localized to the inner membrane, prevents membrane insertion (Kuhn et al. 1986 ). However, with the exception of inner membrane proteins, which may utilize a different export pathway, all reported alterations of the mature protein that have an effect on export result in incorrect routing. None of these cause any detectable defect in translocation across the cytoplasmic membrane. The lamB deletions reported here identify regions within the mature protein that participate in export from the cytoplasm.
Our data do not allow comment as to the potential generality of the involvement of mature sequences in export from the cytoplasm. LamB could prove either the exception or the rule. It should be noted, however, that for at least two other proteins, OmpA and protein A, studies suggest that the amino-terminal mature sequences may be important as well. Export of an internally truncated OmpA protein, missing amino acids 1-229 of the mature protein, is inefficient. Approximately half of the protein synthesized in a 30-sec period is still unprocessed 10 min later (Freudel et al. 1987 ). In the case of the staphylococcal protein A, it was observed, using phoA gene fusions, that sequences immediately adjacent to the signal sequence affect export (Abrahmsen et al. 1985) . Thus, amino-terminal mature protein sequences may function in the export of other proteins in a manner analogous to LamB.
Previous studies with lamB-lacZ fusion strains suggested that information located between codons 39 and 49 may be required for proper routing to the outer membrane. We find that deletions that remove this region selectively have no effect on export of the protein from the cytoplasm. Attempts to localize these internally truncated proteins within the cell, however, have not been successful. In every case, the mutant proteins are un-stable and are rapidly degraded. It is possible that this instability is a consequence of incorrect routing. Unfortunately, this intriguing possibility must await the application of more sensitive biochemical methods.
Materials and methods
Bacterial strains and phages
The bacterial strains and phages used are listed in Table 2 .
Genetic techniques
Standard genetic and DNA techniques, P1 transduction, lambda lysogenization, transformation, plasmid isolation, etc., were performed as described previously (Miller 1972; .
Media, chemicals, and enzymes
The media, chemicals, and enzymes used have been described elsewhere (Miller 1972; Emr and Silhavy 1980} . Ba131 "slow" was purchased from IBI.
Maltose sensitivity
Maltose sensitivity assays were performed as described (Benson and Silhavy 1983) .
Pulse-chase assays
Cell cultures were grown, induced with maltose, radiolabeled with [asS]methionine for 20 sec, and chased with cold methionine as described previously (Rasmussen et al. 1984) . At 10 sec, 30 sec, and at 1, 2, 3, and 5 rain post addition of the chase solution, 0.8 ml of culture was removed, mixed with 0.4 ml of cold 15% trichloroacetic acid, and placed on ice to arrest any further cellular activity. The trichloroacetic acid precipitate was harvested, washed, and solubilized as described (Rasmussen et al. 1984) . The resulting antigen extracts were used in the immunoprecipitation reactions described below.
Radioimmunoprecipitation and SDS-polyacrylamide gel electrophoresis
The LamB and MalE proteins were immune-precipitated in single or double immunoprecipitation reactions from [aSS]methionine-labeled antigen extracts as described previously (Rasmussen et al. 1984) . The immune precipitation extracts were analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography (Rasmussen et al. 1984) .
Oligonucleotide synthesis
Single-stranded DNA oligonucleotides were synthesized using an Applied Biosystems 380A DNA synthesizer according to the method of Matteucci and Caruthers (1981) as recommended by the manufacturer.
Preparation of ssDNA from M13 IG carrying plasmids
Strand-specific single-stranded DNA was prepared by infecting an overnight culture of the plasmid-carrying strain with the M13 type bacteriophage rvl at a multiplicity of infection of 10. The mixture was incubated at room temperature for 30 rain, diluted 1 : 10 with fresh L broth plus ampicillin ( 125 ~g/ml) and incubated at 37°C for 6 hr. The cells were pelleted, the supernatant saved, and any remaining cells killed by heat inactivation at 65°C for 30 rain. Single-stranded DNA was isolated from 4 ml of lysate as described (Zagnrsky and Berman 1984; Zagursky 1985) and resuspended in a total volume of 30-40 ~1. The resulting single-stranded DNA was a mixed population of both rv 1 phage DNA and plasmid DNA.
DNA sequencing
DNA sequencing was performed using the Sanger dideoxy method {Sanger et al. 1977}. Single-stranded template DNA was isolated from a mixed lysate of rvl phage and packaged plasmid DNA, as described. The primers were single-stranded oligonucleotides {18 bases} complementary to regions within the Lamb coding sequence. Emr and Silhavy (1980) laboratory stock this study this study this study this study Levinson et al. (1984} Emr and Silhavy (1980) laboratory stock this study this study Genetic nomenclature is from Bachman {1983). Additional abbreviations are as follows: {~) gene fusion; {Hyb) hybrid; prime signs indicate that DNA is deleted on the indicated side of the gene. The last two digits of strains or phage of the A00 or A300 series indicate the deletion present in either lamB or the lamB-lacZ42-1 hybrid gene.
